We have characterized the expression pattern of a class I fork head/HNF-3 gene (HrHNF3-1) of the ascidian Halocynthia roretzi. Zygotic HrHNF3-1 expression was detectable as early as the 16-cell stage, and the transcript was evident in blastomeres of the endoderm, notochord and mesenchyme lineages of the early embryos. After the late gastrula stage, HrHNF3-1 was also expressed in the presumptive spinal cord cells and some brain cells. The spinal cord of the ascidian tadpole consists of four layers of cells; the dorsal layer, two lateral layers and the ventral layer, the latter of which simply lies on the notochord. Cross-sections of in situ hybridized specimens showed that HrHNF3-1 was expressed in cells of the ventral layer, reminiscent of the floor plate of vertebrate embryos. In addition, we found autonomy in the initiation of early HrHNF3-1 expression, because the gene was expressed in blastomeres continuously dissociated from the first cleavage until the 16-cell stage.
Introduction
The notochord of the ascidian tadpole consists of exactly 40 cells, aligned in a single file along the center of the larval tail (Satoh, 1994) . The lineage of the notochord cells is completely documented (e.g. Nishida, 1987) . The anterior 32 cells are derived from a pair of A4.1 (anterior-vegetal) blastomeres of the bilaterally symmetrical 8-cell embryo, and the posterior 8 cells come from a pair of B4.1 (posterior-vegetal) blastomeres. The 110-cell stage embryo contains ten primordial notochord blastomeres, which subsequently divide twice to form 40 notochord cells. Blastomere isolation and recombination studies showed that the differentiation of the A-line notochord cells is induced by a signal emanating from adjacent primordial endoderm blastomeres or by neighboring presumptive notochord blastomeres (Nakatani and Nishida, 1994) . This induction takes place in a very narrow time window during the 32-cell stage (Nakatani and Nishida, 1994) . Following the induction, the cell fate of the A-line notochord blastomeres is restricted at the 64-cell stage.
We are interested in the genes and molecular mechanisms that are responsible for the specification and subsequent differentiation of notochord cells in the ascidian embryo (Satoh and Jeffery, 1995; Yasuo et al., 1995) . We first focused our attention on an ascidian homolog (As-T) of the mouse Brachyury (T) gene, because the Brachyury is implicated in notochord formation in vertebrate embryos (reviewed by Herrmann and Kispert, 1994) . We found that As-T is expressed exclusively in notochord cells and that the timing of As-T expression coincides with that of the cell fate restriction that occurs in the A-line at the 64-cell stage and in the B-line at the 110-cell stage (Yasuo and Satoh, 1993; Yasuo and Satoh, 1994) . In addition, there is a close relationship between the induction of notochord and As-T expression (Nakatani et al., 1996) . Furthermore, the overexpression of As-T achieved by a microinjection of synthesized As-T mRNA resulted in the expression, without the induction, of notochord-specific features in the A-line presumptive notochord blastomeres, and the overexpression of As-T induced the appearance of ectopic notochord cells (Yasuo and Satoh, unpublished data) . These results strongly suggest that the As-T plays a crucial role in the notochord differentiation of the ascidian embryo. It is therefore intri-guing to survey the genes that have the potential to act upstream of As-T.
In the present study, we examined an ascidian homolog of the class I fork head/HNF-3 transcriptional factor family, because the class I fork head/HNF-3 genes are also implicated in the notochord formation in vertebrate embryos. Mouse HNF-3b is expressed in the node, notochord, floor plate and gut of the embryo (Lai et al., 1991; Sasaki and Hogan, 1993) . The introduction of the null mutation in the gene into the germ line of mice revealed that the HNF-3b gene plays a crucial role in the formation of node and notochord (Ang and Rossant, 1994; Weinstein et al., 1994) . In addition, the ectopic expression of HNF-3b mimics the inductive activity of the notochord, which induces the floor plate and motor neuron differentiation via a secreted signaling molecule such as Sonic hedgehog (Shh) (Sasaki and Hogan, 1994) . Furthermore, it has been shown that fork head/HNF-3-related genes work with Brachyury synergistically in Xenopus embryos. Although neither HNF-3 (Pintallavis) nor Brachyury (Xbra) induced notochord differentiation in the animal cap cells, they were able to induce notochord differentiation when mRNAs of both genes were co-injected into the animal cap cells (O'Reilly et al., 1995) .
We found that the ascidian homolog (HrHNF3-1) of the class I fork head/HNF-3 is first expressed in blastomeres of the endoderm, notochord and mesenchyme lineages of early embryos and later in cells of the spinal cord. Interestingly, the HrHNF3-1 expression commences as early as the 16-cell stage, and the initiation of the gene expression does not require cell-cell interaction in the early embryos.
Results

Isolation of cDNA clones for an ascidian homolog of the fork head/HNF-3 gene
We designed oligonucleotide primers corresponding to the shared sequence, especially of the class I fork head/ HNF-3-related genes (Kaufmann and Knöchel, 1996) . Using the degenerate primers, we amplified target fragments from a Halocynthia roretzi gastrula cDNA by PCR reaction, and then subcloned the amplified fragments into pBluescriptII SK(+). The sequencing revealed that one of the amplified fragments was 242-bp long and contained a fork head motif (data not shown). Then, with the randomlabeled fragment as a probe, we screened 1.0 × 10 5 pfu of an H. roretzi gastrula cDNA library. We found that three overlapping cDNA clones cover almost the full-length sequence of this gene transcript. The gene was named HrHNF3-1 (Halocynthia roretzi fork head/HNF3 gene 1).
The composite sequence of the three clones is shown in Fig. 1 . It consists of 2785 nucleotides excluding the poly(A) tail. The first clone covered nucleotides from position 1 to 1339, the second from 479 to 1851, and the third from 908 to 2786. The sequence contained a single open reading frame of 1977 nucleotides, extending from nucleotides 279 to 1999 of the clone (Fig. 1) . It predicts a polypeptide of 565 amino acids. The calculated relative molecular mass (M r ) of the protein was 63 × 10 3 . Since the Northern blot analysis indicated that the HrHNF3-1 transcript was about 2.8 kb (see Fig. 5 ), the clones cover nearly the entire length of the transcript. Fig. 2A shows the comparison of amino acid sequences of the fork head domain of the HrHNF3-1 with those of another ascidian (Ciona intestinalis) forkhead Ci-fkh (Corbo et al., 1997) , the amphioxus Am(Bb)fkh/HNF3-1 (Terazawa and Satoh, 1997) and AmHNF-3 (Shimeld, 1997) , sea urchin Hphnf3 (Harada et al., 1996) , Xenopus Pintallavis (Ruiz i Altaba and Jessell, 1992) and HNF-3b (Ruiz i Altaba et al., 1993) , zebrafish Axial (Strähle et al., 1993) , mouse HNF-3a, HNF-3b and HNF-3g (Lai et al., 1991) , and Drosophila fork head (Weigel et al., 1989) . Although the overall degree of amino acid identity was not very high, in the fork head domain shown in this figure, the full extent of amino acid identity was 86% between HrHNF3-1 and mouse HNF-3b, 87% between HrHNF3-1 and frog HNF-3b, 87% between the ascidian and zebrafish, and 84% between the ascidian and Drosophila. Members of the class I fkh/HNF-3 are characterized by shared amino acid residues A (at position 9), L (43), Q (51), N (92) and C (98) (Kaufmann and Knöchel, 1996) . As shown in Fig.  2A , HrHNF3-1 conserved all of the five characteristic residues, indicating that HrHNF3-1 is a member of the class I family. Kaufmann and Knöchel (1996) further categorized the class I members into four subclasses, Ia-Id. As HrHNF3-1 shared T (at position 7) and F (46) with class Ia, N (5) and M (31) with class Ic, and A (85) with class Id, it should be concluded that the gene showed no special affinity with any of the subclasses. In addition to the fork head domain, it has been reported that the vertebrate class I members share two other regions with conserved amino-acids (Lai et al., 1991) (Fig. 1) . HrHNF3-1 also shared these regions, in particular HPFSI in the second region, as shown in Fig. 2B .
To confirm the fork head/HNF-3-related gene class to which HrHNF3-1 belongs, we constructed a molecular phylogenetic tree by the Neighbor-Joining method (Saitou and Nei, 1987) , based on the comparison of amino acid sequences of the fork head region ( Fig. 2A, shown by arrows). The tree clearly showed that HrHNF3-1 was included in the class I genes (Fig. 3) , and the grouping of HrHNF3-1 with other class I genes was supported by the high reproducibility of bootstrap (91%). Therefore, this result strongly suggests that HrHNF3-1 is an ascidian ortholog of the class I fork head/HNF-3 genes.
We determined the number of different sequences that correspond to HrHNF3-1 in the ascidian genome by genomic Southern hybridization. As shown in Fig. 4 , only one major band was detected in the lanes of HindIII and PstI digestion, while one major and two minor bands were evi- The fork head domain is double-underlined, and two other regions with conserved amino acid sequences are also underlined (see Fig. 2 ). The sequence will appear under the DDBJ/EMBL/GenBank accession number AB007406. Fig. 2 . Comparison of the amino-acid sequence of (A) the fork head domain, and (B) another region of HrHNF3-1 with those of the ascidian (Ciona intestinalis) forkhead Ci-fkh (Corbo et al., 1997) , amphioxus Am(Bb)fhk/HNF3-1 (Terazawa and Satoh, 1997) and AmHNF3 (Shimeld, 1997) , sea urchin Hphnf3 (Harada et al., 1996) , zebrafish Axial (Strähle et al., 1993) , Xenopus Pintallavis and HNF-3b (Ruiz i Altaba and Jessell, 1992; Ruiz i Altaba et al., 1993) , mouse HNF-3a, HNF-3b and HNF-3g (Lai et al., 1991) , and Drosophila fork head (Weigel et al., 1989) . Amino acids enclosed by white boxes are those characteristic to the class I members (Kaufmann and Knöchel, 1996) . Amino acid sequences of the two regions shown by arrows were used for molecular phylogenetic analysis to confirm that HrHNF3-1 is a class I fork head/HNF-3 gene (Fig. 3) . dent in the lane of EcoRI, and two major and a few minor bands were detected in the lane of SalI digestion. The HrHNF3-1 cDNA had restriction sites for EcoRI and SalI. In addition, washing the membrane under low-stringency conditions resulted in a similar result. Therefore, it is likely that HrHNF3-1 is present as a single copy per haploid genome of H. roretzi.
Temporal expression of HrHNF3-1
Northern blot analysis of the HrHNF3-1 gene during the ascidian embryogenesis revealed that the HrHNF3-1 transcripts are abundant at the neurula and tailbud stages. The hybridization signal was undetectable in unfertilized eggs and 8-cell stage embryos (Fig. 5A) . A distinct hybridization signal, about 2.8 kb in length, was first detected at the 16-cell stage. The transcripts accumulated and became maximal at the neurula and tailbud stages.
We also examined the occurrence of the HrHNF3-1 transcripts in juveniles and adult tissues (Fig. 5B,C) . During later development, the band intensity decreased at the swimming larva stage (Fig. 5B) . However, the HrHNF3-1 transcript was evident in newly metamorphosed juveniles. As shown in Fig. 3C , in adults, the HrHNF3-1 expression was evident in various tissues including the pharyngeal gill, endostyle and digestive gland (hepatopancreas). However, no distinct signals were detected in muscle, gonad or intestine ( Fig. 5C ). Two bands were evident in the lanes of 3-, 5-, and 7-day-old juveniles and of pharyngeal gill (Fig. 5C ), the larger band being about 4.0 kb. It was not determined Fig. 3 . HrHNF3-1 is a member of the class I fork head/HNF-3 genes. A molecular phylogenetic tree was constructed by means of a neighbor-joining method by comparison of amino acid sequence of the fork head domains. The tree is unrooted, and only the tree topology is shown. The numbers indicate the relative robustness of each node as assessed by bootstrap analysis (100 replication). whether the larger band is an alternative splicing of the HrHNF3-1 transcript or unprocessed primary transcript.
HrHNF3-1 is expressed in blastomeres of the endoderm, notochord and mesenchyme as early as the 16-cell stage, and later in spinal cord of the tailbud embryo
The spatial localization of HrHNF3-1 transcripts in embryos at different developmental stages was revealed by means of the in situ hybridization of whole-mount specimens (Figs. 6, and 8 (Fig. 6 ). 
Endoderm cells
At the 16-cell stage, the hybridization signal was observed in the nuclei of blastomeres of A5.1, A5.2 and B5.1 pairs (Fig. 6A-D) of the bilaterally symmetrical embryo (from here onward, we refer to 'A5.1' instead of 'a pair of A5.1'). As the restriction of developmental fate to give rise to endoderm takes place at the 32-cell stage (Fig.  7) , the timing of HrHNF3-1 gene expression is earlier than that of the fate restriction. During the cell cycle of the 16-cell stage, the HrHNF3-1 transcript in A5.1 and A5.2 became dispersed concentrically from the nucleus over the cytoplasm, while the transcript in B5.1 showed simple dispersal ( Fig. 6A-D) . As shown in Fig. 7, A5 .1 contains the developmental fate to form endoderm, notochord, brain stem and spinal cord, A5.2 involves those of endoderm, trunk lateral cells, notochord, spinal cord and muscle, and B5.1 contains fates to form endoderm, endodermal strand, mesenchyme, notochord and muscle. At the early phase of the 32-cell stage, a weak hybridization signal was distributed in A6.1, A6.3 and B6.1 endoderm blastomeres (Fig.  6E,F) , and at the late phase of the 32-cell stage, in addition to the weak and distributed signal in A6.3 and B6.1, a distinct signal became evident in the nuclei of A6.1 (Fig.  6G,H) .
At the 64-cell stage, the signal became more evident in A7.1, A7.2, A7.5. B7.1 and B7.2 (Fig. 6I, J) . A6.3 divided into A7.5 (endoderm) and A7.6 (trunk lateral cells), both of which showed the signal. At the 76-cell stage and later stages, the signal was evident in primordial endoderm cells. In the tailbud embryo, the signal was found in the entire endoderm. In addition, the signal appeared in B7.2-derived endodermal strand cells (Fig. 8E,F) , but not in B7.6-derived endodermal strand cells (Fig. 8E,F) . The signal was retained at the mid-tailbud stage, and became undetectable in the late tailbud stage.
Notochord cells
The A5.1 and A5.2 of the 16-cell embryo also contain notochord fates, and the hybridization signal was observed in the nuclei of these blastomeres (Fig. 6A-D) . At the 32-cell stage, a weak hybridization signal was distributed in the notochord blastomeres, A6.2 and A6.4 (Fig. 6E,F) . At the 64-cell stage, the developmental fate of A7.3 and A7.7 is restricted to notochord, and they showed a strong signal (Fig. 6I,J) . B7.3 is also of notochord-lineage (Fig. 7) . Although the developmental fate of B7.3 is not restricted to notochord, a weak signal was evident there (Fig. 6J) . At the 110-cell stage, B8.6, a daughter cell of B7.3, is restricted to notochord. The hybridization signal was evident in five pairs of primordial notochord cells (A8.5, A8.6, A8.13, A8.14 and B8.6) (Fig. 6K,L) . The signal was retained during later embryogenesis. In the tailbud embryo, all of the notochord cells expressed the HrHNF3-1 gene (Fig. 8A-F) .
Mesenchyme cells
As shown in Figs. 6 and 7, the HrHNF3-1 gene expression was also evident in blastomeres of mesenchyme lineage. A7.6 in the 64-cell embryo gives rise to trunk lateral cells and B7.3 in the 76-cell stage gives rise to mesenchyme cells (Fig. 7) . Hybridization signals in these cells were evident by the gastrula stage.
Spinal cord cells
Fig . 6M shows HrHNF3-1 expression in an early gastrula; a strong hybridization signal was evident in the primordial notochord cells, while the signal was also observed in endoderm cells ingressing inside the embryo. During the later phase of gastrulation, the HrHNF3-1 transcript became evident in two pairs of cells at the posterior-most region of the neural plate (Fig. 6N,O) . These are A8.7 and A8.8 pairs, which give rise to cells of the ventral layer of the spinal cord (Nishida, 1987; Nicol and Meinertzhagen, 1988) . When hybridized embryos were rendered transparent, signals were also evident in endoderm and notochord cells inside the embryo (Fig. 6P) .
During neurulation and tailbud embryo formation, the HrHNF3-1 transcript was evident in cells of the spinal cord and brain (Fig. 8A-F) . The spinal cord of the ascidian tadpole consists of four layers of cells; the dorsal layer, two lateral layers and the ventral layer, the latter of which simply lies on the notochord. As shown in Fig. 8E , the signal appeared to be present in cells of not all four layers but only one layer of cells. The early HrHNF3-1 expression pattern shown in Fig. 6N suggested that the expression is restricted to the ventral layer. This was confirmed by sectioned specimens (Fig. 8G,H) . Cross-sections of in situ hybridized specimens clearly showed that HrHNF3-1 was expressed only in cells of the ventral layer, not in the dorsal or two lateral layers (Fig. 8G,H) . This expression pattern of HrHNF3-1 was retained until the mid-tailbud stage, and then the signals became progressively weaker, first in the spinal cord and then in the notochord and endoderm (data not shown). 
HrHNF3-1 is expressed in continuously dissociated blastomeres
As shown by the in situ hybridization, the transcript of the ascidian class I fork head/HNF-3b gene was detectable as early as the 16-cell stage. This suggests that HrHNF3-1 is expressed autonomously without cellular interaction at the 2-, 4-and 8-cell stages. To examine this issue, blastomeres were continuously isolated in Ca 2 + -free artificial seawater from the beginning of the first cleavage until the time when the normal embryos reached the 16-cell stage. We carried out three independent series of experiments, and obtained similar results. A total of 773 dissociated blastomeres from a single batch were examined, and 261 (34%) showed hybridization signals in the nucleus (Fig. 9) . As it is predicted that 6 blastomeres (A5.1, A5.2 and B5.1 pairs) of a 16-cell embryo would express HrHNF3-1 (37.5%), the ratio of the positive cells seemed comparable. It can therefore be concluded that HrHNF3-1 expression is autonomous.
Discussion
Characteristic expression pattern of an ascidian homolog of the class I fork head/HNF-3 genes
The sequence comparison demonstrated that the HrHNF3-1 gene is a member of the family of class I fork head/HNF-3-related genes (Figs. 2 and 3) . Ascidian homologs of fork head/HNF-3-related genes have also been isolated from the ascidians Ciona intestinalis (Corbo et al., 1997) and Molgula oculata (William Jeffery, pers. commun.). Vertebrates contain multiple class-I fork head/ HNF-3 genes (reviewed by Kaufmann and Knöchel, 1996) . For example, mice have at least three class-I genes, whereas Xenopus have at least six genes. As HrHNF3-1 shares several amino acid residues with classes Ia, Ic and Id, the HrHNF3-1 gene showed no special affinity with any of the subclasses, suggesting that the multiple genes were duplicated during evolution of cephalochordate/vertebrate lineage (Holland and Garcia-Fernàndez, 1996) .
The expression pattern of HrHNF3-1 during embryogenesis closely resembles those of mouse HNF-3a and HNF3b. During mouse embryogenesis, HNF-3a and b are expressed in the so-called organizer region including the node and notochord. The genes are also expressed in the floor plate and gut in the developing embryo, although HNF-3g is not expressed at the early stages and is later expressed in the hindgut (Monaghan et al., 1993) . As shown in Figs. 6, and 8, HrHNF3-1 is expressed in ascidian embryos primarily in cells of the endoderm, notochord, mesenchyme and spinal cord. Although it is uncertain whether the ascidian embryo contains a region homologous to the organizer of vertebrate embryos, it has been shown that endoderm cells induce notochord (Nakatani and Nishida, 1994) , and notochord and/or spinal cord cells induce the central nervous system (CNS) (Reverberi et al., 1960; Nishida, 1991) .
In addition, in the adult, expression of the mouse HNF-3a and HNF-3b is mainly found in the liver and to a lesser extent in the lungs, intestine and stomach, whereas HNF3g is additionally present in the heart, adipose tissue and testes, but not in the lungs (Lai et al., 1990; Lai et al., 1991; Kaestner et al., 1994) . As shown in Fig. 5C , HrHNF3-1 is expressed in the digestive gland or hepatopancreas and also in the pharyngeal gill (endoderm derivative), suggesting a similar expression pattern in the adult tissues between the ascidian HrHNF3-1 and the mouse HNF-3a, -3b and -3g. It can therefore be concluded that the ascidian contains a class I fork head/HNF-3-related gene with similarity in sequence and expression pattern to vertebrate counterparts.
Possible roles of HrHNF3-1
Notochord formation
Both Brachyury (T) and HNF-3b are involved in notochord formation in vertebrate embryos, because the notochord is not formed in both T mutant mice and HNF-3b knockout mice. However, the effects of these genes differ from each other in several aspects. Analyses of mutations that affect the notochord formation of zebrafish embryos prompted Stemple et al. (1996) to suggest three elementary steps essential for notochord formation in vertebrate embryos; formation and maintenance of the chordamesoderm, transformation of the chordamesoderm to vacuolated notochord, and maintenance of the differentiated state. In HNF-3b deficient mice, the development of the notochord is disturbed, and thus the floor plate (which is induced by the notochord) is not formed (Ang and Rossant, 1994; Weinstein et al., 1994) . HNF-3b may therefore function at early step of the notochord formation. In contrast, a T mutation causes a deficiency of the notochord formation, but the floor plate formation is induced normally, and the dorsal ventral axis is then established (e.g. Halpern et al., 1993) . Brachyury may thus act at the next step. Hence, HNF-3b and Brachyury play roles in different ways to form the notochord in vertebrate embryos. In the case of ascidian embryos, it has been shown that Brachyury (As-T) plays a crucial role in the notochord formation, because the overexpression of As-T induced by the microinjection of synthetic As-T RNA induces appearance of ectopic notochord cells (Yasuo and Satoh, unpublished data) .
In Xenopus, Xbra and Pintallavis work synergistically to induce notochord formation in the animal cap cells, although each of them alone could not induce notochord formation in an in vitro system (O'Reilly et al., 1995) . As HNF-3b is associated with the formation of axial structures in a broader region than those of Brachyury-associated, it seems likely that, with respect to the notochord formation, HNF-3b functions upstream of Brachyury. In early ascidian embryos, the HrHNF3-1 gene is expressed prior to the notochord induction that occurs at the 32-cell stage (Nakatani and Nishida, 1994) . It is therefore possible that in ascidians, HrHNF3-1 acts upstream of Brachyury. A key experiment may be to examine whether the overexpression of HrHNF3-1 promotes the As-T expression and then notochord differentiation.
Floor plate formation
An intriguing expression pattern of HrHNF3-1 was that of the spinal cord. The spinal cord of the ascidian tadpole consists of four layers of cells; the dorsal layer, two lateral layers, and the ventral layer, the latter of which simply lies on the notochord (cf. Satoh, 1994) . The dorsal row is derived from the b8.19 pair, the ventral row is from the A7.4 pair, and the two lateral rows originate mainly from the A8.15 pair, but the A8.16 pair also contribute to the lateral rows. In situ hybridization clearly showed that HrHNF3-1 was expressed in cells of the ventral layer, and this was also the case with the Ciona intestinalis fork head gene (Corbo et al., 1997) . This is very reminiscent of the floor plate of vertebrate embryos, because the vertebrate neural tube has a distinct origin and vertebrate HNF-3b is expressed only in the floor plate, the ventral-most region of the tube immediately above the notochord (Sasaki and Hogan, 1993) . In addition, Corbo et al. (1997) showed that Ciona snail is expressed only in the lateral rows of the spinal cord. This finding strongly suggests the regionality of the spinal cord of the ascidian embryo, in which the ventral layer coincides with the floor plate of the vertebrate neural tube.
In vertebrates, HNF-3b acts as a regulator of floor plate development (Sasaki and Hogan, 1994; Ruiz i Altaba et al., 1995) . In addition, differentiation of the floor plate is induced by a signal derived from the notochord or by Sonic hedgehog (e.g. Ruiz i Altaba et al., 1995) . A similar signaling cascade may work in the ascidian embryo. To test this issue, the isolation of an ascidian homolog of Sonic hedgehog is essential.
Autonomy of initiation of HrHNF3-1 expression during ascidian embryogenesis
The HrHNF3-1 gene is expressed primarily in cells of the endoderm and notochord lineages of early ascidian embryos, and its expression commences as early as the 16-cell stage. This is the earliest expression of zygotic genes thus far reported in H. roretzi embryos (for a review see Satoh et al., 1996) . In addition, as shown in the blastomere dissociation experiments, the initiation of HrHNF3-1 expression is autonomous; cell-cell communication is not required for this gene expression. The very early and autonomous expression of HrHNF3-1 suggests that the transcription of the gene is directly regulated by maternal factors localized in the vegetal hemisphere of the egg. Even if the maternal factors function indirectly, its cascade may not contain many steps. In contrast to the notochord and spinal cord, the differentiation of which requires signal molecules, the endoderm cells of ascidian embryos have been shown to be specified autonomously depending on the prelocalized endodermal determinants (Whittaker, 1990; Nishida, 1993) . It is possible that the autonomy of HrHNF3-1 expression is associated with the autonomous specification of endoderm cells, namely, the endoderm cells are specified autonomously by maternal factors and then express HrHNF3-1, which in turn functions as a notochord inducer.
The very early and autonomous expression of HrHNF3-1 also raises an intriguing question as to how this gene expression is regulated, i.e. what cis-elements and trans-activating factors are responsible for the gene activation. The enhancer activity of the fork head/HNF-3-related gene has been investigated in mice (Sasaki and Hogan, 1996) . The notochord-specific enhancer is located about 15 kb upstream of the mouse HNF-3b transcription start site. A second enhancer, located more than 5 kb downstream of the gene, mediates expression in the floor plate (Sasaki and Hogan, 1996) . Furthermore, a binding site for Gli protein is essential for the HNF-3b floor plate enhancer (Sasaki et al., 1997) . However, as shown in the present study, the HrHNF3-1 gene is first expressed primarily in blastomeres of endoderm and notochord lineages. Future studies must focus on the enhancer elements of the HrHNF3-1 gene that are responsible for its expression in these lineages.
Experimental procedures
Ascidian embryos
Halocynthia roretzi was collected during the spawning season near the Asamushi Marine Biological Station, Tohoku University, Aomori, Japan. Ascidians are hermaphroditic and H. roretzi is self-sterile. Naturally spawned eggs were fertilized with a suspension of non-self sperm. Fertilized eggs were cultured at about 12°C. They developed into gastrulae (about 150 cells) and early tailbud embryos about 12 and 24 h after fertilization. Tadpole larvae hatched at about 40 h of development.
Eggs and embryos at appropriate stages were packed by low-speed centrifugation and frozen with chilled ethanol for Northern blotting or fixed with 4% paraformaldehyde for in situ hybridization.
Isolation and sequencing of cDNA clones for the ascidian homolog of the fork head/HNF-3 gene
Amino acid sequences of the fork head domain of fork head/HNF-3 gene products are highly conserved among mouse, Xenopus, zebrafish and Drosophila (cf. Fig. 2) . The sense-strand oligonucleotide that corresponds to the amino acid sequence HAKPPYS and the antisense oligonucleotide that corresponds to the amino acid sequence (F/ Y)W(A/T)LHP were made to order. Using these oligonucleotides as primers we amplified target fragments from an H. roretzi gastrula cDNA library by means of PCR. Thirty PCR cycles of 1 min at 94°C, 2 min at 42°C and 1 min at 73°C proceeded.
Following probing with candidate cDNA fragments random-labeled with [ 32 P]dCTP (Amersham), we screened the library at low stringency (hybridization: 6 × SSPE, 0.1% BSA, 100 mg/ml ssDNA, 0.5% SDS, 5 × Denhardt's solution, 38% formamide at 37°C; washing: 2 × SSC, 0.5% SDS at 65°C). Three overlapping cDNA clones were obtained and subcloned into pBluescriptII SK(+). Both strands of the clones were sequenced by an automated DNA sequencer (ABI PRISM, Perkin Elmer).
Sequence comparisons and molecular phylogenetic analysis
Amino acid sequences of fork head-superfamily gene products were aligned and gaps were introduced to obtain alignment with maximal similarity. Ninety confidently aligned sites of the C-terminus were analyzed. Molecular phylogenetic relationships of the fork-head superfamily gene products were estimated by means of neighbor-joining (Saitou and Nei, 1987) using the PHYLIP ver. 3.5c package (Felsenstein, 1993) . The distance matrix was constructed according to the Dayhoff model (Dayhoff et al., 1978) . Confidence in the phylogeny was assessed by bootstrap resampling the data (Felsenstein, 1985) .
Genomic Southern hybridization
High-molecular weight genomic DNA was extracted from a single adult by the standard procedure (Sambrook et al., 1989) . After exhaustive digestion with EcoRI, HindIII, PstI and SalI, we electrophoresed on a 0.7% agarose gel, then the DNA fragments were blotted onto Hybond-N+ nylon membrane (Amersham). The blots were hybridized with random-primed 32 P-labeled DNA probes at 42°C for 16 h and washed under high-stringency conditions or low-stringency conditions.
RNA isolation and northern hybridization
Total RNA was extracted from specimens at various stages using acid guanidinium thiocyanate-phenol-chloroform (AGPC; Chomczynski and Sacchi, 1987) . Five micro-grams of poly(A) + RNAs were fractionated by electrophoresis, transferred to a Hybond-N + nylon membrane (Amersham), then hybridized with random-primed 32 P-labeled DNA probes in 6 × SSPE, 0.5% SDS, 5 × Denhardt's solution, 50% formamide and 100 mg/ml salmon sperm DNA overnight at 42°C. The membranes were washed under high-stringency conditions (twice in 2 × SSC, 0.1% SDS at 65°C for 15 min).
In situ hybridization
Embryos were fixed in 4% paraformaldehyde in 0.5 M NaCl, 0.1% MOPS buffer at 4°C for 12 h. In situ hybridization of whole-mount specimens was carried out basically as described previously (Yasuo and Satoh, 1994) . After blocking in 0.1 M Tris-HCl (pH 7.5), 0.15 M NaCl supplemented with 0.5% blocking reagent (blocking buffer) at room temperature, the specimens were incubated with 1:2000 alkaline phosphatase-conjugated anti-DIG antibody (Boehringer Mannheim) in the blocking buffer (overnight at 4°C). The specimens were washed with PBT four times (20 min each) and alkaline phosphatase buffer (100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris-HCl (pH 8.0)) three times (10 min each). Signal detection was carried out in the alkaline phosphatase buffer with 4.5 ml NBT/ml and 3.5 ml BCIP/ml added. Usually reacted embryos were dehydrated in a graded series of ethanol and rendered transparent with a 1:2 mixture (v/v) of benzyl alcohol and benzyl benzoate. Some embryos were embedded in paraffin and sectioned at 6 mm to confirm the localization of hybridization signals.
Isolation of blastomeres in Ca 2 + -free seawater
The chorion of fertilized eggs was removed by treatment with seawater containing 0.05% actinase E (Kaken, Tokyo, Japan) and 1% sodium thioglycolate (Wako, Osaka, Japan). Naked eggs were incubated in Ca 2 + -free artificial seawater at 13°C until the 16-cell stage. For complete separation of daughter cells, blastomeres were stirred by pipetting, although blastomeres cultured in Ca 2 + -free seawater usually separated efficiently from each other without pipetting. Dissociated blastomeres were fixed for in situ hybridization.
